Abstract: A tunable single-polarization filter is designed by filling high index liquid into the silver-coated air holes of photonic crystal fiber and the polarization characteristics are analyzed utilizing the finite element method. Results show that the filter can be used to realize, to our best knowledge, the filtering of an incoming signal at 1310 and 1550 nm bands simultaneously in two orthogonal polarization states with narrowband of full width half maximum only 9 nm (at 1550 nm bands). The confinement losses of unwanted polarized mode can reach up to 53.1 and 305.1 dB/cm at the two aforementioned communication windows, with other polarized mode losses as low as 0.8 and 2.4 dB/cm, respectively. For a propagation distance of 1 mm, the crosstalk of x-or y-polarized (x-or y-pol) mode can reach a value of 45.4 and -262.9 dB at 1310 and 1550 nm bands, and the 20 dB bandwidth at 62 and 133 nm. By adjusting the silver-coated air hole diameter, the silver layer thickness, or the filling liquid, the filtering wavelength can be precisely tuned in a broad band range, from 1351 to 1931 nm of x-pol and from 1208 to 1392 nm of y-pol, covering almost all the communication wavelength.
Introduction
The polarization filter is a key component in modern optoelectronic and communication systems. A fiber-based polarization filter can be used to directly select a certain polarization at the specific wavelength in existing optical fiber communication systems and distributed sensors. In recent years, metal filled or metal coated photonic crystal fibers (PCFs) based polarization filters and polarization splitters have attracted great interest due to the PCF's good features like flexible design, endless single-mode transmission, high nonlinearity, anomalous dispersion and high birefringence. In metal filled or metal coated PCFs, the energy in the core will be strongly coupled into the surface plasmon polariton (SPP) modes around the metal wires or metal rings at the specific wavelength when the fiber core modes and SPP modes are matched [1] . Moreover, the existing of a plasmonic wave can lead to a shorter filter length and a wider 20 dB bandwidth. With the development of the micro-nano processing technique, metal filling or metal coating into the air holes of the PCF is not a problem which has been successfully realized by different groups like Russell [2] and Csaki et al. [3] . Using the plasmon resonance effect, various kinds of metal filled or metal coated PCF filters are designed by researchers. Xue et al. present a single-polarization filter based on the gold coated and liquid filled PCF which can realize the resonance strength of 508 dB/cm at 1311 nm with the full width half maximum (FWHM) 20 nm [4] . By coating different thickness gold layers into two different size air holes, Chen et al. proposed a single polarization splitter operating at the 1310 um and 1550 um bands at the same time with confinement losses 102.6 dB/cm and 245.0 dB/cm, respectively [5] . A tunable fiber polarization filter is designed by filling different index liquids into the central hole of the PCF with high confinement loss of 443.36 dB/cm and narrow FWHM of 16 nm [6] . Other PCF based polarization filters like air holes arranged in rectangular lattices [7] , C2v-symmetrystructured PCF with triangular lattice [8] or spiral PCF with an elliptic core [9] are also investigated. But to our best knowledge, most of the PCF based polarization filters only works at one single communication band (1310 nm or 1550 nm band), two orthogonal polarization modes of the filter which can realize the filtering at two communication bands simultaneously is rare.
In this paper, we design a tunable single-polarization filter by filling high index liquid into the silver-coated air holes of the PCF. The mode coupling properties and polarization characteristics are analyzed utilizing the finite element method (FEM). Simulated results show that by optimizing the structure parameters of the PCF, two orthogonal polarization modes (x-pol and y-pol) can realize the filtering at 1310 nm and 1550 nm simultaneously. The confinement losses of unwanted polarized mode can reach up to 53.1 dB/cm and 305.1 dB/cm at two aforementioned communication windows while another polarized mode losses as low as 0.8 dB/cm and 2.4 dB/cm, respectively. For a propagation distance of 1 mm, the crosstalk (CT) of x-or y-pol mode can reach a value of 45.4 dB and −262.9 dB at 1310 nm and 1550 nm bands, and the 20 dB bandwidth (BW) are 62 nm and 133 nm, respectively. The filtering wavelength can be precisely tuned in a broad band range by adjusting the silver-coated air hole diameter, the silver layer thickness or the filling liquid, from 1351 nm to 1931 nm of x-pol and from 1208 nm to 1392 nm of y-pol, covering almost all the communication wavelength. All these properties make the PCF a promising candidate for the designing of tunable polarization-dependent filters at the communication wavelength or other fiber-based plasmonic devices. x / = 0.9 and y / = 1.0. Two larger air holes with diameter d 3 = 2 um in horizontal direction are introduced to produce birefringence. Silver layer is coated on the inner wall of two air holes with diameter d 2 = 1.4 um in vertical direction to generate surface plasmons (SPs) and the silver layer thickness is 52 nm. Fabrication of the proposed fiber structure is possible using the standard stack-and-draw method [10] . The larger cores can be realized by introducing thinner wall capillaries compared to the other capillaries during the stacking process. The selective silver coating and liquid filling procedure can be achieved by using the fs laser-assisted infiltration technique [11] combined with the wet chemistry deposition technique [12] . One end of the MOF is first fully blocked with a section of ∼10 um single-mode fiber (SMF), then the target air hole is selectively opened via subsequent fs laser drilling. Utilizing the wet chemistry deposition technique, the thickness of the silver film coated into the target air hole can be accurately controlled by adjusting the deposition time, flow rate of solutions, etc [12] . The refractive index (RI) of filling liquid is 1.42. The background material of PCF is fused silica and the RI can be calculated by Sellmeier equation [13] :
Structure and Theoretical Modeling
where
−2 μm 2 and B 3 = 97.9340025 μm 2 , respectively. The permittivity of the silver layer can be calculated by the Drude-Lorentz model [14] : Insets: Cross section of (a) one single air hole silver coated, (b) two symmetry air holes silver coated, (c) four symmetry air holes silver coated. At phase matching point: (d) x-pol core mode at λ = 1551 nm of (a), (e) y-pol core mode at λ = 1314 nm of (a), (f) x-pol core mode at λ = 1550 nm of (b), (g) y-pol core mode at λ = 1310 nm of (b), (h) x-pol core mode at λ = 1551 nm of (c), (i) y-pol core mode at λ = 1314 nm of (c). Arrows indicate the polarized direction of the electric field. Fig. 2 . The confinement loss is defined as [4] :
where Im (n eff ) is the imaginary part of the mode effective RI (n eff ) and λ is the wavelength in centimeters.
As shown in Fig. 2 , the designed filter exhibits strong birefringence due to the destroying of the structure symmetry. The core modes is separated into two orthogonal parts with one mode (y-polarized mode see inset (b) in Fig. 2 ) being polarized essentially parallel to the Y axis and the other (x-polarized mode see inset (a) in Fig. 2 ) orthogonal to it. The real parts of n eff (Re (n eff )) of the fundamental (see inset (c) in Fig. 2 ) and the first-order SPP modes (see inset (d) in Fig. 2 ) are higher than that of the core modes, which can never intersecting with them making the mode coupling impossible. Only second-order (see inset (e) in Fig. 2 ) or even higher order SPP modes can be coupled to the core modes. Besides, the couplings between the core modes and the second-order SPP modes are much stronger than the couplings between the core modes and the third (see inset (f) in Fig. 2 ) or even higher order SPP modes, resulting in the peak loss for the second-order much higher than others.
We compare the performances of the filters with different silver coated air holes as plotted in Fig. 3 . We know that one single air hole coated PCF can stimulate two discrete SPP modes at the interface of metal and dielectric for each order [5] , [14] . When two or more air holes are coated and aligned in the fiber core, discrete SPP modes of each coated air hole will interact with each other, creating four SPP supermodes (see insets (g)-(j) in Fig. 2 ) and each supermode has a different phase constant at given wavelength [14] . However, only two supermodes (inset (h) and (i) in Fig. 2 ) can be coupled to the core due to the complete coupling or incomplete coupling as described in [15] . In Fig. 3 , clearly we can see that by increasing the number of the silver coated air hole, the confinement loss can be increased significantly (From 70.4 dB/cm to 413.7 dB/cm of x-pol and from 25.8 dB/cm to 53.1 dB/cm of y-pol) with nearly unchanged resonance wavelength, which is very beneficial for the polarization filter designs. 
Results and Discussions
The silver layer has a great influence on the filter's polarization characteristics. Firstly, the effects of the air hole diameter d 2 coated with silver layers are investigated as shown in Fig. 4 . By increasing d 2 from 0.5 to 0.8 , the filtering wavelength can be tuned to a large extent, from 1351 nm to 1931 nm of x-pol and from 1208 nm to 1392 nm of y-pol, which is a very wide band range, covering almost all the communication wavelength. When d 2 / = 0.6, the resonance peak of y-pol locates at 1310 nm with confinement loss 53.1 dB/cm while of x-pol locates at 1550 nm with confinement loss 305.1 dB/cm, which can realize the filtering at two communication windows simultaneously. Moreover, the insertion loss is as low as 0.8 dB/cm and 2.4 dB/cm, respectively, with narrow bandwidth of FWHM only 9 nm at 1550 nm bands. All these results are better or comparable to the same type works in [4] - [9] . 5 shows loss spectra of the designed filter with different silver layer thickness S. We can see that with the silver layer thickness increasing, the peak wavelengths of x-pol and y-pol all shift to the shorter wavelength due to the large decrement of Re (n eff ) of the SPP mode (secondorder) while the Re (n eff ) of the core mode is almost unchanged, leading to the phase matching point blue-shifts. What we should note is that the movement of the peak wavelength caused by the silver layer thickness S variation is much smaller than that caused by the silver-coated air hole diameter d 2 . So by adjusting the silver layer thickness, the designed filter can be tuned to the desired wavelength accurately. In other words, changing the silver layer thickness is suitable for the precision tuning of the filter wavelength while changing the silver-coated air hole diameter is suitable for the coarse tuning. Similar to the peak wavelength, the confinement losses of two polarization modes all decrease gradually but the decrement of x-pol is more quickly than that of y-pol because the coupling efficiency in Y-direction decreases more quickly.
The loss spectra of the designed filter filled with different RI (n) liquids is illustrated in Fig. 6 . As we have seen, the resonance wavelength red-shifts gradually and the confinement loss increases with n increasing. This is because a larger liquid RI will increase the Re(n eff ) of SPP mode, but the core mode is unchanged, leading to the phase matching point shift to the longer wavelength. Moreover, when n is approaching fiber core n eff (about 1.45), the peak loss will increase as the mode coupling is enhanced. By monitoring the peak wavelength shift or confinement loss increment, the designed filter can also be used to measure liquid RI variation as analyzed in [12] , [13] .
Crosstalk (CT) is an important parameter of polarization filter which determines the influence of the unwanted polarization modes and can characterize the transmission performances. The CT as a function of the fiber length L can be defined as [16] :
where α 1 and α 2 are the confinement losses of x-pol and y-pol, respectively. Fig. 7 shows the CT of the designed filter with different fiber lengths as a function of wavelength. Obviously, we can see that the CTs reach to peak values at the phase matching points of 1310 nm and 1550 nm. Moreover, the maximum value of CT (see inset in Fig. 7) at two bands increases with the fiber length in high linearity which can be expressed as CT = 4.54 L at 1330 nm and CT = −26.29 L at 1550 nm. Refer to [5] and [8] , the available optical BW we considered is defined as the wavelength range within which the transmission is lower than −20 dB or higher than 20 dB. When L is 1 mm, as shown in Fig. 7 , the CT reaches to the peak value of 45.4 dB at 1310 nm and the BW of CT higher than −20 dB is 62 nm. Likewise, the peak value of CT is 305.1 dB and the BW of CT lower than −20 dB is 133 nm at the wavelength of 1550 nm. The results are better than that of BW 60 nm and 70 nm in [12] , showing good polarization filter characteristics in the communication bands.
Conclusion
We designed a tunable single-polarization filter based on PCF coated with silver layers and filled with liquid. The dispersion relations and polarization characteristics are calculated by FEM using COMSOL Multiphysics software. Simulation results show that the resonance peaks of x-and ypolarizations can be separated by a large distance due to the strong birefringence, which can first time to realize the filtering of an incoming signal at 1310 nm and 1550 nm bands simultaneously with narrowband of FWHM only 9 nm (at 1550 nm bands). The confinement losses of unwanted polarized mode can reach up to 53.1 dB/cm and 305.1 dB/cm at the two aforementioned communication windows, with another polarized mode losses as low as 0.8 dB/cm and 2.4 dB/cm, respectively. The CT of x-pol or y-pol mode can reach a value of 45.4 dB and −262.9 dB at 1310 nm and 1550 nm bands, and the 20 dB BW are 62 nm and 133 nm, respectively, for a propagation distance of 1 mm. By adjusting the silver-coated air hole diameter, the silver layer thickness or the filling liquid, the filtering wavelength can be precisely tuned in a broad band range, from 1351 nm to 1931 nm of x-pol and from 1208 nm to 1392 nm of y-pol, covering almost all the communication wavelength.
